Special theory of relativity(DSR) leads to study the κ-Minkowski space-time and it introduce a minimal length scale i.e. the Planck length scale, which is independent length scale in addition to the speed of light in the normal special theory of relativity(STR). In this paper, we present the result of our investigation on the thermodynamics of photon gas in the κ-Minkowski space-time.
I. INTRODUCTION
Theory of quantum gravity model suggests to existence of the minimal scale of length i.e. the Planck's length l p = G c 3 (or corresponding energy scale E p = c 5 G which is maximum energy of the particle). But existence of the fundamental length scale i.e. Planck's length is contradictory to the special theory of relativity due to the Lorentz length contraction.
Therefore Amelino-Camilia et al. suggest a way to handle this contradiction to the special theory of relativity and proposed a new theory which is called the doubly special relativity (DSR) [1] [2] [3] [4] . In this new proposed theory Planck's length is the fundamental length and observer independent in addition to the speed of light. Various aspects of physical models incorporating DSR where analysed in [5] [6] [7] . Doubly special relativity leads to study the κdeformed space-time [8] [9] [10] [11] [12] which is one of the example of non-commutative space-time and the corresponding symmetry algebra is deformed which is called the κ-Poincare algebra.
Different theories on κ-deformed space-time have been constructed and studied in the last couple of years [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . As usual dispersion relation is modified due to the κ-deformed space-time in [12] and it is interesting to see that such kind of deformation in the dispersion relation will also deformed the thermodynamics of the photon gas. In [25] [26] [27] [28] [29] [30] people have studied the thermodynamics of photon gas due to the different kind of deformation on the dispersion relation.
The motivation of this work is to carry out the thermodynamic properties of the photon gas in the κ-deformed space-time. Such a investigation has been carried out with a modified dispersion relation in the different scenario. Our present study would therefore help us compare our results with those studied in [25] [26] [27] [28] [29] [30] . It should be noted, however, that we shall consider the κ-deformed dispersion relation in our analysis. This in turn would incorporate the effects of κ-deformed space-time on the partition function of photon gas. Here note that the quantum distribution functions, whether Fermi-Dirac distribution or Bose-Einstein distribution reduce to the Maxwell-Boltzmann distribution in the high temperature. In this paper, we work in the high temperature limit. This paper is organised as follows. In next section, we give the brief summary of the κ-deformed space-time [8] [9] [10] [11] [12] and write the κ-deformed dispersion relation upto first order in the deformation parameter. By using the κ-deformed dispersion relation upto first order in the deformation parameter, we drive important expression for the partition function of photon gas in section 3. In the section 4, we go on to study the thermodynamic properties of the photon gas in the κ-deformed space-time by using κ-deformed partition function. We calculated the expression for free energy, pressure, equation of state, entropy, internal energy, energy density and specific heat of the photon gas in κ-deformed space-time and we make comparisons between our results, Magueijo-Smolin(MS) model results [28] and results in special theory of relativity [31] by plotting the graphs between the thermodynamics variables versus temperature. We make the final remark in the section 5.
II. κ-MINKOWSKI SPACE-TIME
In this section, we give the brief summary of κ-deformed space-time [8] [9] [10] [11] [12] , which is an example of a non-commutative space-time whose coordinates obey commutation relations,
Here, a is the deformation parameter and has the dimension of length and is the order of Planck length scale(in the limit a → 0, we get back the above deformed commutation relation in the commutative space-time). In the Minkowski space-time with metric η µν = diag(-1,1,1,1), we define x µ = η µα x α and ∂ µ = η µα ∂ α . These coordinates and derivatives satisfy the commutation relations
The κ-Minkowski space-time coordinates are defined in terms the commutative coordinates
x µ and corresponding derivatives ∂ µ asx µ = x α φ αµ (∂). In this realization, the explicit form ofx i andx 0 are given asx
where A = −ia∂ 0 . Using Eqn.(4) in Eqn.(1), we obtain
where ϕ = dϕ dA satisfying the boundary conditions ϕ(0) = 1, ψ(0) = 1, γ(0) = ϕ (0) + 1 is finite and all are positive functions.
These coordinate satisfy the condition that in particular [∂ µ ,x ν ] = φ µν (∂), we find
and
Let M µν denote the rotation and boost generators of the κ-Poincare algebra. We require that the commutation relations between M µν should be same as the usual Poincare algebra and also that between M µν and the κ-space-time coordinatesx µ should be linear functions ofx µ , M µν and deformation parameter a µ . We also demand that these generators have the correct commutative limit. Thus one can get [12] [
The generators of the undeformed κ-Poincare algebra are D µ and M µν , whose explicit forms (for the realization ψ = 1) are given by
The symmetry algebra of the underlying κ-space-time generated by M µν and D µ known as the undeformed κ-Poincare algebra. Their generators D µ and M µν obey [8] [9] [10] [11] [12] 
The undeformed κ-Poincare algebra in Eqns. (12, 13) have same form as the Poincare algebra in commutative space-time but form of generators get modified due to the κ-deformation of space-time. The explicit form of these generators are given in Eqn. (9) , Eqn.(10) and
Eqn. (11) .
The Casimir of undeformed κ-Poincare algebra, D µ D µ , can be expressed as
).
The operator in the above satisfy
and the explicit form of the operator is
Note that the Klein-Gordon equation in the commutative space-time can be expressed as 
The deformed dispersion relation resulting from Eqn. (17) is
In the limit a → 0, we get back the dispersion relation in commutative space-time as
For the choice of ϕ = e −ap 0 above κ-deformed dispersion relation take the form upto first order in the deformation parameter a as
III. κ-DEFORMED PARTITION FUNCTION OF PHOTON GAS
In this section, we present one of main result of the paper and see that how does κdeformation of the space-time affect the partition function of photon gas which is the crucial result to study the thermodynamic properties of photon gas in the κ-deformed space-time.
For studying this, we start with the κ-deformed dispersion relation of photon gas upto first order in the deformation parameter a which is given as
Since l p = hc 2πEp and now here note that deformation parameter a has the dimension of length and is the order of Planck length scale and if we take λ as a upper bound of energy scale i.e Planck energy scale then a = hc 2πλ . We can re-write above equation as
Here we have considered h = 1 = c. In the model which we considered, momentum in the upper bound of energy scale is given by p max = 88 95 λ. It is very crucial to get an expression for the partition function to studying the thermodynamic properties of the particles. The
where β = 1 K B T , K B is the Boltzmann constant and T is the temperature of the particle. In the κ-Minkowski space-time, the single particle partition functionZ 1 (T, V ) is defined as
Note that λ is the upper bound of the energy scale in the κ-deformed space-time. In the limit λ → ∞, we get back the commutative result i.e. result in special theory of relativity(STR) [31] . Using the κ-deformed dispersion relation for photons p = E 1+ E 4πλ in the above equation, we change the integration from p to E and we get
Since λ is the upper bound of energy and it is very large therefore we can make an approximation and re-write above equation as
again above equation, we can re-write as
Using eqn. (29) in eqn. (28) and differentiate with respect to β, we find the single particle κ-deformed partition function as
In the limit λ → ∞, we get back the commutative result Z 1 = 8πV β 3 . Finally, for a N particle system, the partition functionZ 1 (T, V ), can be written as
Thus, we have obtained the expression for the partition function for the photon gas in the κ-deformed space-time. Now we go on to study various thermodynamic properties of photon gas in a theory where an observer independent fundamental energy scale is present.
IV. THERMODYNAMICS OF κ-DEFORMED PHOTON GAS
In the previous section, we have obtained the κ-deformed partition function for the photon gas but in the present section, we will study the certain aspects of thermodynamics of photon gas by using the κ-deformed partition function. The κ-deformed free energy of photon gas is given byF
Now we use the Stirling's formula
in the above equation and by using the κ-deformed particle partition function for photon gas (see eqn. (30)), we obtained
Here note that in the limit λ → ∞, we get back the commutative result as [31] 
Now we have the expression for the free energy and this can be used to calculate the pressure in the κ-deformed space-time asP
Thus, the equation of state does not affected due to the κ-deformation of space-time.
As we have the expression for the free energy in the κ-deformed space-time and we can use it to find the effect of κ-deformed space-time on the entropy as
Here,
In the limit λ → ∞, we get back the commutative result as in special theory of relativity as
As internal energy is related to the free energy and entropy U = F + T S. Free energy and entropy of photon gas are modified due to the κ-deformation of space-time then we expect to modification in the internal energy due to the κ-deformation of the space-time as
In the limit λ → ∞, we get back the result in the special theory of relativity as
Energy density of the system ρ is defined as
since internal energy is modified in κ-deformed space-time then we also expect that the modification in the expression for the energy density. The modification between energy density and pressure is obtained asP
In the limit λ → ∞, we get back the commutative result as
The expression for the κ-deformed specific heat of the photon gas is written as
where,
In the limit λ → ∞, we get back the specific heat in the commutative space-time as
In the figure I-III, we plot the graph of entropy, internal energy and specific heat versus temperature for three cases: special theory of relativity [31] , Magueijo-Smolin(MS) model [28] and the κ-deformed space-time (our considered model in this paper). We have chosen the In this paper, we have carried out the thermodynamics of photon gas in the κ-deformed space-time. For studying this, we started with the κ-deformed dispersion relation upto first order in the deformation parameter a. With this κ-deformed dispersion relation upto first order in the deformation parameter, we have then obtained the partition function of photon gas in the κ-deformed space-time. This is one of the main findings in this paper.
From this κ-deformed partition function, we next studied the thermodynamic properties of the photon gas in the κ-deformed space-time and obtained the expression for free energy, equation of state, entropy, internal energy, energy density and specific heat of photon gas in the κ-deformed space-time. In the limit λ → ∞, we get back the commutative results.
Also, we plotted the graphs of entropy, internal energy and specific heat versus temperature for three cases: special theory of relativity, MS model and the κ-deformed space-time and compared the results.
